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Introduction
Graphene has many intriguing electronic, thermal and mechanical properties that make it attractive for numerous applications. 1 In real life graphene typically has various types of defects and functional groups attached to it. Such defects reduce the performance of devices relying on the intrinsic properties of perfect graphene. 2 On the other hand, due to such defects the application of graphene in fields where pristine graphene is not suitable [2] [3] [4] becomes possible. A number of practical applications for such "imperfect" graphene are considered, such as, for example, spintronics and catalysis.
Various types of defects in graphene can be classified as intrinsic and extrinsic, while their dimensionality can also be different. 2 A single vacancy (SV) is the simplest defect in graphene, which is formed by removing one atom from the lattice. According to the literature around 7.5 eV is needed to form a single vacancy, the barrier for vacancy diffusion is estimated to be 1.3 eV while its mobility has been observed already at temperatures around 200°C. 5, 6 When a carbon atom is removed it leaves unsaturated dangling bonds, which make the SV site very reactive. 3 Studies have shown that different atoms readily adsorb at the SV site. [7] [8] [9] In particular, Krasheninnikov et al. 8 have demonstrated strong binding of several 3d metals and Au to the SV site. Santos et al. 9 have performed a detailed theoretical analysis of the binding of the 3d metals to the SV site and addressed some issues related to the modeling of these impurities. We notice that several practical applications of graphene with imbedded impurity atoms have been suggested. For example, impurities can serve as catalytic sites for oxygen reduction reaction. 10, 11 There are many systematic studies of adatom adsorption on pristine graphene [12] [13] [14] including our recent analysis based on PBE, long-range dispersion interactions corrected PBE and non-local vdW-DF2 DFT calculations. 15 Although computational studies dedicated to the adsorption of impurities at the SV sites of graphene can also be found in literature, a general picture regarding the reactivity of SV is still lacking. Moreover, there is no systematic analysis of atomic adsorption at SV sites covering the whole or at least a large part of the Periodic Table of Elements (PTE). However, such studies are necessary in order to better understand the reactivity of such defect sites and specific materials chemistry and physics rendered by the introduction of impurities. Moreover, the availability of systematic databases covering different materials properties can be very useful in the context of materials informatics where such data can be used to design new materials. 16, 17 For this reason, here we report the results of our systematic analysis of atomic adsorption at a vacancy in the graphene basal plane. We apply four computational schemes: PBE, long-range dispersion interactions corrected PBE and non-local vdW-DF2 DFT calculations, and analyze the trends in the formation of substitutional impurities in the graphene basal plane for the elements of the PTE up to atomic number 86, excluding lanthanides.
Computational details
We calculated the adsorption energies of all the elements of the PTE located in rows 1 to 6 (except lanthanides) at the SV site of graphene. Graphene sheet was modelled using a 4×4 cell (32 atoms). The repeated graphene sheets were separated from each other by 20 Å of vacuum.
The effects of the cell size were tested and it was found that the 4×4 cell is sufficiently large to provide adequate results for atom adsorption at the SV site. This agrees with the result presented by Santos et al. 9 The first-principle DFT calculations were performed using the Vienna ab initio simulation code (VASP). [18] [19] [20] The Generalized Gradient Approximation (GGA) in the parametrization by Perdew, Burk and Ernzerhof 21 combined with the projector augmented wave (PAW) method was used. 22 A cut-off energy of 600 eV and Gaussian smearing with a width of σ = 0.025 eV for the occupation of the electronic levels were used. A Monkhorst-Pack Γ-centered 10×10×1 k-point mesh was used. Foreign atoms were placed at the SV site and during structural optimization the relaxation of all atoms in the simulation cell was unrestricted. The relaxation proceeded until the Hellmann-Feynman forces acting on all the atoms became smaller than 10
.Spin-polarization was taken into account in all calculations.
To include dispersion interactions, which are not accounted for in PBE, we used different approaches. In the first step, we used DFT theory corrected for the long-range dispersion correction in the DFT+D2 and DFT+D3 formulations of Grimme. 23, 24 Both approaches correct the total energy by a pairwise term ( Dx disp E , x = 2 or 3), which accounts for dispersion interaction and is added to the total energy of the system calculated using a selected DFT functional (in this case PBE):
Dx disp E is obtained by the summation using the atom-specific parameters and relative distances over the entire simulation cell. For DFT+D2 the default set of parameters (as implemented in VASP) for the elements in rows 1-5 was used. For the elements of the 6 th row we used DFT+D2 parameters as described in Ref. ( 15 ).
In addition to the empirical correction for dispersion interactions, we applied the vdW-DF2 non-local functional developed by Langreth's and Lundqvist's groups. 25 The method is implemented in VASP in a way allowing for the inclusion of the non-local contribution into the correlation energy during the self-consistency cycle. 26 The accuracy of non-local functionals where E 0 [G] stands for the total energy of pristine graphene sheet while n is the number of carbon atoms in the simulation cell (n = 32). The calculated values are reported in Table 1 . Good agreement with previous literature reports is obtained as the reported vacancy formation energies are in the range from 7.2 to 8.58 eV. 6, 27 It is recognized that the removal of a carbon atom from the graphene lattice gives rise to magnetic behavior. Ma et al. 28 reported the magnetic moment of 1.04 μ B using a 128-atom graphene supercell. According to the overview by Valencia and Caldas 29 this is the lowest among the reported values while the highest one is 2 μ B . As it has been shown by Rodrigo et al. 30 an accurate theoretical prediction of the magnetic moment of SVgraphene requires a rigorous treatment of the system as the value of the magnetic moment is very sensitive to the size of the simulation cell and the density of the k-point mesh. 30 A highly converged (with respect to the k-point mesh) value of magnetic moment obtained for the 6×6 cell is around 1.6 μ B , and it increases with the lateral size of the supercell. In particular, for the 30×30 cell it is close to 1.75 μ B . The density of the k-point mesh applied in our study is expected to provide an adequate estimate of the magnetic properties of SV-graphene, while the calculated energies, which are the focus of the present work, are highly converged. The calculated densities of states (DOS) of SV-graphene ( Fig. 1, Fig. S1 ) show the semi-localized π states of vacancy in the vicinity of the Fermi level, in agreement with previous reports. 30 Based on the comparison of the obtained results and the previous literature reports we conclude that our model is adequate for the analysis of atomic adsorption at the SV site. Figure 1 . DOS plots for SV-graphene (thick line) superimposed on DOS of pristine graphene (shaded area) obtained using PBE approach.
Atomic adsorption at single vacancy sites
To study atomic adsorption we used different starting positions for the impurity atom with respect to the SV site of graphene. For the final relaxed structures we find that a large portion of the elements prefers the configuration with the C 3v symmetry, where the adatom is situated in the middle of the vacancy forming three equal impurity-C bonds. Due to differences in atomic sizes, most of the atoms are located above the carbon plane, but some, like B or N, practically substitute the C atom. Such a doped graphene sheet remains perfectly flat that also agrees with previous reports. 3 On the other hand, some elements do prefer bonding in lower symmetry configurations. Among them are Zn (as also shown previously by Santos et al. Table S1 .
The calculated energies of atomic adsorption at the SV site are presented in Figs. 2-5 and all the data are assembled in Table S2 (Supplementary Information). The calculated magnetic moments of the A@SV-graphene systems are shown and discussed in Supplementary Information, Table S3 . . Calculated adsorption energies (in eV) for atomic adsorption at SV using vdW-DF2 calculations. Group number is indicated.
As can be seen, the four applied computational schemes give similar overall trends in the adsorption energies. In fact, there is a very good correlation between the PBE results and the results of the other three computational methods (Fig. 6) . Interestingly, the correlation is much better than that obtained for atomic adsorption on pristine graphene. 15 while the order of the interaction strength is the same: PBE+D2 > PBE+D3 > PBE > vdW-DF2. To get a better insight into the role of dispersion interactions in binding of different elements we calculated the percentage of dispersion contribution to E ads in the PBE+D2 scheme with respect to that in PBE (Fig. 7) . We did the same also for the adsorption on pristine graphene using our previously reported 15 values (Fig. 7) . We see that the contribution of dispersion to the binding energies is maximized for weakly interacting elements (groups 12 and 18). In the case of pristine graphene the same trend is seen for groups 6, 7 and 15, whose elements physisorb on pristine graphene. The same conclusions regarding the role of dispersion interactions hold in the case of PBE+D3 (not presented here), although the contribution of dispersion is typically lower compared to that of PBE+D2. For adsorption at SV we also see that along the groups of the PTE the contribution of dispersion typically increases with the atomic number. Considering small relative contribution of dispersion obtained in PBE+D2 and PBE+D3 and a good scaling between them and the PBE results (Fig. 6) , we conclude that for an adequate modelling of atomic adsorption, focusing on the energetics of the process, PBE is sufficient in most cases.
Figure 7.
Relative contribution of dispersion interactions to the adsorption energies within the PBE+D2 scheme with respect to PBE. For each group of the PTE elements are sorted so that the atomic number increases from left to right.
Further, we correlate calculated E ads with the experimental values of cohesive energies in the stable phases of pure elements. 31 Such a correlation is shown in Fig. 8 for the case of vdW-DF2 and it holds for other applied schemes as well. Having analyzed the calculated set of data, we see that E ads at SV correlates well with the cohesive energies providing a simple rule of thumb: the stronger the bonding of the element in its stable phase is the stronger its interaction with the SV site will be. Previously, similar trends in the behaviour of cohesive and adsorption energies at SV were observed by Chen et al.
11
for a limited number of elements. We note that we observe no correlation between the adsorption energies on pristine graphene and on SV-graphene (Fig. S4, Supplementary Information) . Accordingly, we neither find any correlation between the cohesive energies of the elements and their adsorption energies on pristine graphene. Such a difference between atomic adsorption on pristine graphene and SV-graphene originates from different bonding occurring in these two cases. In the latter case true chemical interactions take place, while in the case of pristine graphene the interaction is achieved through the π electron system which in many cases does not provide real chemical bonding. Fig.8 shows that the elements can be sorted into two groups. In particular, the atoms with partially filled d-shells can be grouped together as they show relatively small sensitivity to the increase of the cohesive energy of pure metallic phase. In contrast, the elements with filled d-shells (or the ones without d-electrons) demonstrate a strong correlation between the cohesive energy and E ads, when going down the groups in the PTE. 
E
Comparison of adsorption and cohesive energies can also help us to understand whether atoms prefer to adsorb at SV or rather bind together and form clusters over graphene. First, all the elements interact significantly weaker with pristine graphene than with the SV site, so a separate atom would prefer to bind to the SV site rather than to sites of pristine graphene basal plane. As the diffusion barrier for adatoms on graphene is relatively small 14 atoms can migrate and either be trapped at SV or agglomerate to form clusters. To estimate the tendency of the latter process we compare the experimental cohesive energies to the calculated adsorption energies at SV in Fig. 9 . We see that all the four applied computational schemes predict that the majority of the elements will be trapped at the vacancy, while some of them could prefer to form bonds with other atoms of their kind. The latter group consists of the 5d elements with exceptionally high cohesive energy (W being the most prominent example) and the elements of groups 11 (Cu, Ag and Au) and 12 (Zn, Cd, Hg), which rather weakly interact with SV. Figure 9 . E ads at SV site compared to the cohesive energies of elements in their pure phases. Negative values indicate that given elements are more stable at SV than in their pure phases. The results are provided for all four applied computational scheme. Top row of numbers gives the group of the PTE.
The observed stabilization of metal atoms at SV as compared to their pure phases (Fig. 9) can be connected to the tendency of these atoms to dissolve from SV-graphene. This is of great importance when one considers possible applications of M@SV-graphene systems as catalysts in wet processes, where dissolution and corrosion can take place. By adapting the approach described in Ref. 
for all the investigated metals. This actually gives the dissolution potential for considered impurities in graphene lattice. The data are provided in Table S4 , Supplementary Information.
We considered that our SV-graphene and M@SV-graphene were in their standard states as being solid phases. Based on these results we considered the dissolution of M from the SV site of graphene basal plane under different pH conditions and found that, when adsorbed at SV, certain elements should not dissolve according to Eq. (6), followed by the evolution of H 2 , irrespective of pH (standard potential above 0 V vs. SHE, Fig. 10 ). It can be concluded that these impurities are less prone to dissolution than their metallic phases (in other words, they are more "noble" than the corresponding pure metals), except for the metals listed in Fig. 10 . This is the case for However, in that case it is also possible to evaluate dissolution potentials using calculated adsorption energies at the SV site. 
Conclusions
We have analyzed the adsorption of all the elements of the PTE up to atomic number 86 (excluding lanthanides) at the SV of graphene sheet. We find a strong interaction of the majority of the elements with the SV site. Relatively weak interactions are seen only for the elements of groups 11 (Cu, Ag and Au), 12 (Zn, Cd and Hg) and 18 (noble gases). We find a link between the cohesive energies of the elements in their pure phases and their adsorption energies at the SV site. Metal atom impurities adsorbed at SV sites are typically less prone to dissolution than their corresponding pure metallic phases. The provided results offer a comprehensive view on the reactivity of the SV site and stability of adsorbed impurities, which can be useful for designing advanced graphene-based materials for various applications.
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SUPPLEMENTARY INFORMATION
1. Electronic structure of SV-graphene system Figure S1 . DOS plots for SV-graphene (thick line) superimposed on DOS of pristine graphene (shaded area) using designated computational schemes. Figure S2 . Some examples of the ground state geometries obtained using PBE and PBE+D2. Carbon atoms are blue, while designated impurity atoms are given in different colors. 
Bonding of elements from different parts of the PTE at the SV site of graphene

Magnetic properties of A@SV-graphene systems
The magnetic properties of M@SV-graphene systems are given in Table S3 . The applied computational schemes agree well considering predicted magnetic moments. However, this property is rather sensitive to the computational treatment and it has been shown for the case of
Fe that the use of DFT+U gives rise to a magnetic ground state which is not the case with PBE and, as we show, vdW-DF2. An interesting situation is seen in the case of adsorption of noble gases. In all cases we observe magnetism which is in magnitude very close to that of the pure SV-graphene substrate. For this reason we checked spin polarization in these systems (see a representative picture in Fig. S3 ) and confirmed that the magnetism is due to the vacancy itself. Due to very weak interactions of noble gases with the vacancy it is almost unaffected compared to the pure SV-graphene. ). Figure S4 . Correlation between the calculated adsorption energies of investigated elements on pristine graphene and SV-graphene, for the four methods applied. 
Correlation of adsorption energies
Dissolution potentials of metals from the SV site of graphene
